High resolution solid state NMR has become an extremely useful tool for the structural characterization of a large variety of materials ranging from inorganic to porous materials, zeolites, hybrid organic-inorganic, organic and bio-involved materials. This is due to the ability of NMR to characterize ordered crystalline structures, but also to give detailed insight to the structure of partly disorganized, amorphous or glassy materials 1,2 . An important part of the power of solid state NMR methods comes from their ability to produce homo-nuclear or heteronuclear correlation charts that can evidence spatial proximity (from dipolar interaction) 3,4 or chemical bonding (from Jcouplings) 1,3 , as used to derive protein structures in liquid state NMR experiments. Nevertheless a major difficulty arises with quadrupolar nuclei (nuclear spin I>1/2) because the quadrupolar interaction induces quick relaxation in liquid state, and broadening at first and second order in solids. The quadrupolar nuclei are the most abundant nuclei in inorganic materials and of crucial importance in many biological structures 5 . The question of efficiently generating a correlation between quadrupolar nuclei under high resolution conditions (fast Magic Angle Spinning -MAS and high magnetic fields) remained an open question. In this contribution we show that such a correlation experiment can be generated with a simple and robust pulse sequence, using an isotropic (or scalar) interaction that does not necessitate reintroduction by sophisticated spin manipulation. We demonstrate the experiment with a { 17 O} 27 Al (both I=5/2 nuclei) experiment carried out on a crystalline test sample and show that the technique is reliable and sensitive enough to unambiguously evidence the presence of an unusual "tricluster" µ 3 oxygen coordination in a glass of CaAl 2 O 4 composition, with specific 17 O and 27 Al signatures.
do not necessitate reintroduction. However, it requires long evolution times to develop and, consequently, could only be used for spin systems exhibiting long enough spin-spin relaxation times (T 2 ' or coherence life time) 14 . Finally it is important to remark that there exist, to our knowledge, few (if any) measurement of J-coupling between quadrupoles. In liquid state experiment the rapid reorientation induces quick relaxation that precludes their observation; while in solid state the dominant quadrupolar broadenings (~kHz) masks these small effects (Hz). This interaction thus remains largely unknown for the case of two quadrupoles but we think that we demonstrate that it is present and usable. The experiment that we propose is a slightly modified version of the Heteronuclear Multiple Quantum Correlation (HMQC figure 1) experiment that we previously used for 27 Al/ 31 P correlation 13 . It leads a spectrum correlating the directly observed 27 Al Central Transition (CT) spectrum with the indirectly observed 17 O CT spectrum. The robustness of the sequence comes from the minimum number of pulses involved on both channels, all pulses selectively exciting the central transitions in the approximation of fictitious I=1/2 spins. This approach was previously used in several different experiments 15, 16, 13 , and keeps providing a broadband excitation of the whole spectrum of the central transitions, even at high fields. The HMQC experiment is run synchronized with the MAS spinning rate so that possible spinning sidebands sum up in the indirect dimension 17 . Our experiments were acquired at high principal field (750 MHz -B 0 17.6 T) which reduces second order quadrupolar broadenings and increases sensitivity 18, 5 , with a gain proportional to B 0 2 for each dimension, and to B 0 4 for the correlation experiment. The signal to noise of the whole experiment is optimized by several signal enhancement methods : Double Frequency Sweep (DFS) 19 on the starting nucleus (gain>2.0), acquisition and processing of the full echo 15, 16, 13 (gain of ~2 ). If we assume that the scalar J-coupling is the active interaction, the double quantum filtered signal grows with Sin²(πJτ)/(S+1/2), and competes with the T 2 ' exponential decay. The T 2 ' of half integer quadrupolar nuclei can be significantly increased when spinning slightly off the magic angle 20 . For our test sample (CA2), figure 2a shows that T 2 ' gets nearly twice as long, with a signal enhancement of ~3, when running the HMQC experiment off the magic angle by ~1°. Under these conditions, the dipolar interaction partially remains (off magic angle contribution) and may participate in the correlation. We can remark that this angle offset remains small enough to enhance the signal without broadening the lineshapes of both nuclei. Moreover, because both nuclei undergo second order broadening, the { 17 O} 27 Al correlation chart contains the encoding of their relative spatial orientation. Given the robustness of the sequence, and its remarkable sensitivity (only 64 transients for the CA2 experiment), it was possible to acquire a spectrum of a ground droplet of ~50mg of a CA (CaO-Al 2 O 3 ) glass sample obtained with a contactless laser heated aerodynamic levitation device 23 . The 17 O and 27 Al individual MAS and MQMAS spectra of CA glass already provide information. The distribution of isotropic chemical shifts dominates the 17 O spectra with small second order effects 24 , they shows a main line extending from ~90 down to ~30 ppm, clearly suggesting two Gaussian components at 69 and 37 ppm. This 37 ppm component, absent in Ca rich CA38 glass 24 , is located at the expected µ 3 position. The distributions of both isotropic chemical shifts and quadrupolar interaction dominate the 27 Al dimension inducing typical asymmetric line shapes (with δ iso in its rising left edge) that can be reliably modeled using a Gaussian Isotropic Model (GIM) 2 . The { 17 O} 27 Al HMQC correlation spectrum (figure 3) confirms the presence of two bridging oxygen components (µ 2 and ~5% µ 3 ) with their relevant aluminum counterparts Al(µ 2 ) 4 , and Al(µ 2 ) 3 (µ 3 ) 1 unambiguously identified from their isotropic chemical shifts (79 and 74 ppm). This result is the first comprehensive experimental proof of the presence of µ 3 oxygen sites 22, [25] [26] [27] , both from their O and Al signature.
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In conclusion, we showed for the first time that it is possible to acquire efficiently heteronuclear correlation experiments in solid state between second order broadened half integer quadrupolar nuclei using isotropic mixing, presumably mediated by a scalar J-coupling that remains largely unknown. This experiment is possible thanks to the gain of sensitivity proportional to the fourth power of the principal field that turns a challenging experiment to a real efficient tool. This class of experiment could be extended to other pairs of nuclei. We believe that it may become very usefull, providing detailed insight to the structure and properties of glasses, porous or mesoporous framework materials, zeolites, hybrid organic-inorganic or even bio-involved materials, addressing questions like the characterization of oxygen protonation state or activity of catalytic materials Acknowledgements : We acknowledge financial support from CNRS UPR4212, Région Centre, CNRS (CM) and "Le studium" fellowships (DI).
Supporting informations :
Acquisition parameters, 27 Al and 17 O NMR parameters of the CA and CA2 crystals, and CA-glass. We show for the first time that it is possible to acquire high resolution heteronuclear NMR correlation experiments in solid state between second order broadened half integer quadrupolar nuclei (i.e. 27 Al and 17 O) using the scalar J-coupling. The sensitivity of the experiment is dramatically improved at high fields (gain proportional to the fourth power of the principal field) with a combination of signal enhancement techniques. This turns a challenging experiment to a real tool. We apply this experiment to characterize a Calcium Aluminate glass in which we prove the presence of tricluster µ 3 Oxygen sites and describe the signature of their directly bonded Aluminum sites. Applications involve a large range of possible pairs of quadrupolar nuclei in different materials like glasses, porous or mesoporous framework materials, zeolites, hybrid organic-inorganic, and bioinvolved materials.
